INTRODUCTION
Ultrasonic inspection of ordinary samples with more or less rough surfaces is an everyday problem in industrial NDE. Contact techniques require flat or other regular (e. g., cylindrical) surfaces of negligible roughness with respect to the acoustic wavelength. Immersion techniques are less susceptible to surface topography, but they still require that the surface radius be larger than the beam diameter and the surface roughness be comparable or less than the wavelength in the immersion fluid. This difference is due to the fact that in immersion inspection surface irregularities do not significantly reduce the energy transmission into the specimen but rather randomize the field through incoherent scattering. Figure 1 shows the schematic diagram of ultrasonic inspection of a rough specimen by the immersion method. The probability of detection of a given flaw is ultimately limited by the signal-to-noise ratio produced at the receiver. The flaw signal results from coherent reflection from a single, relatively large and strong scatterer. In comparison, the noise is incoherent scattering from a large number of randomly distributed, relatively small and weak scatterers such as material inhomogeneities or geometrical irregularities. Surface roughness can substantially reduce the signal-to-noise ratio with respect to an otherwise similar smooth sample. First, surface roughness attenuates the coherent flaw signal much more than the incoherent material noise (1, 2] . Second, surface roughness increases the overall noise level by adding another incoherent component to the material noise. This paper discusses the adverse effect of the excess surface noise on ultrasonic flaw detection in rough samples.
Transducer
Rough Surface Flaw Fig. 1 Schematic diagram of ultrasonic inspection of a rough specimen by the immersion method.
Under ordinary conditions, material noise is essential unaffected by surface roughness and the degradation of the signal-to-noise ratio is mainly due to the loss of the coherent signal. For all three coherent components, the scattering loss can be written in the following form:
where h is the r. m. s. roughness of the surface, co is the angular frequency. K denotes the so-called loss coefficient which can be easily calculated, at least in the phase-screen approximation, for the reflected and shear or longitudinal transmitted waves from the known sound velocities and the angle of incidence, Binc [1] . In some cases, when the material noise is relatively weak and the flaw to be detected is in close proximity of the rough surface, the background noise is dominated by direct backscattering from the rough surface. This effect is demonstrated in Figure 2 showing the r. m. s. noise level in a lowcarbon steel specimen as a function of propagation time. Both the grain size and the surface roughness were approximately 20 11m. The measurement was made by averaging the square of the received rf signal over a I I -by-2" area in a 3 MHz wide frequency range centered around 10 MHz. There is only weak electrical noise before the arrival of the front reflection. From the smooth side of the specimen, the material noise slightly decreases between the front-and back-wall echoes, which is partly due to the spread of the acoustic beam and partly to scattering induced attenuation in the sample. From the rough side, the overall noise level is much higher. Close to the surface, the additional surface noise is significantly stronger than the inherent material noise. Due to its faster decay, surface noise becomes negligible with respect to the material noise at large depths.
Acoustic scattering at a randomly rough liquid-solid interface has been studied for a considerable time. A comprehensive review of the relevant literature was recently published by Ogilvy [3] . The scattering process includes first-, second-, and higher-order effects caused by single-, double-, or higher-order interactions between the acoustic wave and the irregular surface. In the weak-scattering limit, i. e., when the r. m. s. roughness is much smaller than the acoustic wavelength (h «A), the first-order scattering process is much stronger than any of its higher-order counterparts. Still, because of their slower decay, higher-order components become dominant at longer times after the initial interaction. In the following, we shall analyze separately the contributions of first-and higher-order scattering to the additive surface noise.
FIRST -ORDER BACKSCATTERING Figure 3 shows the schematic diagrams of first-second-, and third-order scattering from a randomly rough liquid-solid interface. The length of the first-order scattering process, t 1> is limited by the usually rather small variation of the distance between any two points within the aperture of the transmitter on one side and the insonified spot on the surface on the other side:
where d is the diameter of the ultrasonic beam, z is the distance between the transducer and the surface, and v is the sound velocity in the fluid. At normal incidence, the strong but very short first-order scattering is usually overshadowed by the coherent reflection from the surface. At oblique incidence, the first-order scattering is much longer and, at least in the customary pitch-catch arrangement, not affected by the coherent reflection. The problem of first-order acoustic scattering from a randomly rough liquid-solid interface was studied in detail by deBilly et aI. by using the potential method [4, 5] . Essentially the same results can be obtained by using the much simpler phase-screen approximation originally introduced by Eckhart [6] . The first-order backscattered power WI can be expressed as follows (a) I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  \  I  \  I  \  I  \  \  I  I  I 
Schematic diagram of (a) first-, (b) second-, and (c) third-order scattering from a randomly rough liquid-solid interface.
where Wine denotes the incident power, k is the wave number in the immersion fluid, At is the cross-sectional area of the acoustic beam, and C[k r ] is the two-dimensional Fourier transform of the correlation function, c(r).
In order to assess the additive surface noise, we have to find the best model for the correlation function and determine the r. m. s. roughness and the correlation length of the surface. The roughness is most easily assessed from the surface roughness induced loss of the coherent reflection. As an example, Figure 4 shows the frequency-dependent attenuation of the coherent reflection from a sand-blasted glass specimen at normal incidence. From the best-fitting f2 curve (solid-line), the r. m. s. roughness was determined as h ~ 10 Ilm. The correlation length can be assessed from the angular-dependence of the backscattered signal at a given frequency. Figure 5 shows the normalized backscattering as a function of the angle of incidence for the same sand-blasted glass sample at 12 MHz and d = 10 mm. Apparently, the experimental data can be fit much better by assuming an exponential correlation function rather than the often-used Gaussian one. From the best fitting theoretical curve, the correlation length can be determined as L ~ 100 Ilm.
By determining h, L, and the type of the correlation function for the roughness, we have solved the inverse problem of surface characterization. In order to assess the excess surface noise, we have to substitute these data into Eq. 3. As an example, Figure 6 shows the comparison between the measured and predicted backscattered noise from the same glass specimen at Sine = 22°. In good agreement with our expectation, at high frequencies, the exponential correlation function fits our measured data much better than the Gaussian one. Considering that the theoretical curve is a very simple approximate prediction for the mean level of the backscattered surface noise without any adjustable parameter, the agreement with the measured data is fairly good.
Beside the absolute strength of the surface backscattering, another important factor in the degradation of the signal-to-noise ratio during ultrasonic inspection is the time-depen- dence of the scattered signal. For weak scattering, the time-dependence is fully determined by the beam profile, u(f), produced by the ultrasonic transducer. For first-order scattering,
where the integration is carried out over the insonified spot on the surface. The timedependence can be numerically calculated from Eq. 4 by substituting r = vt (where the coordinate vector originates from the center of the transducer's aperture). Figure 7 shows the normalized backscatter as a function of time at six different frequencies along with the calculated result for an ideal rectangular beam profile (constant within the beam diameter and zero eveiywhere else) for d == 10 mm and z == 50 mm. In agreement with our expectation, the length of the backscattered pulse does not depend on frequency and can be easily estimated from the beam diameter by using Eq. 2. Figure 8 shows the shape of the backscattered pulse at different angles of incidence at 8 MHz. Below B ine == 4°, the firstorder back scattering is very short and overshadowed by the coherent reflection. At normal incidence, the range of interest for ultrasonic inspection is covered by the lagging "tail" of the backscattered signal, which is weaker but much longer than the first-order initial part.
Even for weak scattering (h « A), this slowly decaying part is dominated by higher-order backscattering from the surface.
HIGHER-ORDER BACKSCATTERING
There seems to be no simple theoretical result available in the literature for the strength of the second-or higher-order backscattering from a randomly rough liquid-solid interface. On the other hand, for weak scattering, the time-dependence of the backscattered signal can be still readily predicted for a given order. For example, the second-and thirdorder components can be expressed as follows: The length of the second-order backscattering, t2 ~ dlv, is mainly limited by the lateral dimension of the beam, while the third-order component is infinitely long even for a finitediameter beam. Figure 9 shows the time-dependence of the second-order back-scattering calculated from Eq. 8 for d = 10 mm and z = 50 mm. In order to demonstrate the effect of edge. ditlfaction on the backscattered signal, results for two other profiles are also shown beside the previously used rectangular one. These other models for the beam profile were derived from the rectangular one by smoothening the distribution by 10 and 20 % of the radius. The principal slope of the decay is ~2.6 dBIIlS and the ditlfaction correction has little effect on this slope although the smoothened profiles predict a slightly longer "exponential" part. Figure 10 shows the measured time-dependence of the backscattered signal from the same sand-blasted glass specimen at normal incidence at seven different frequencies. The backscattered signal greatly increases with frequency, but the its slope remains essentially the same up to approximately 8 MHz. Figure 11 shows that the measured slope agrees very well with the calculated value of 2.6 dBIIlS at low frequencies, where the weak scattering approximation is acceptable. At higher frequencies, the decay becomes faster as the scattering induced attenuation of the backscattering becomes more significant.
Our simple theory predicts that the slope of the second-order backscattering increases with decreasing beam diameter. In a limited range, this behavior was experimentally verified. However, for small beam diameters, the initial "exponential" part became very short and the slope decreased with time indicating a slower than exponential decay. For focused beams, the lateral dimension of the insonified spot on the surface is so small that the second-order scattering becomes very short, too. Figure 12 shows the measured time-dependence of the backscattered signal for a sharply focused ultrasonic beam ofd = 0.25" and F = 1.25". The backscattering appears to be inversely proportional to the third-power of time. One possible explanation is that third-order scattering dominates the process. For the very small focal spot, r12 ~ r23 ~ vt/2, where t is the time delay after the initial interaction with the surface. In this case, the backscattered intensity aW 3 I at ~ t-3 , i. e. Eq. 9 predicts that the backscattered signal decreases proportionally to the third power of time. This prediction is in good agreement with our experimental data shown in 
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CONCLUSIONS
Direct ultrasonic backscattering from a rough liquid-solid interface produces excess surface noise in addition to the inherent material noise. In weakly scattering materials and near the surface, this excess noise may significantly reduce the signal-to-noise ratio and thereby the probability of detection for a given flaw. At oblique incidence, the surface noise is primarily due to strong first-order scattering. At normal incidence, the first-order scattering becomes very short and the excess noise is primarily due to higher -order scattering. We showed that the crucial time-dependence of different orders can be determined from purely geometrical considerations.
